Hibernation consists of extended durations of torpor interrupted by periodic arousals. The 25 'dehydration hypothesis' proposes that hibernating mammals arouse to replenish water lost 26 through evaporation during torpor. Arousals are energetically expensive, and increased arousal 27 frequency can alter survival throughout hibernation. Yet we lack a means to assess the effect of 28 evaporative water loss (EWL), determined by animal physiology and hibernation microclimate, 29 on torpor bout duration and subsequent survival. White-nose syndrome (WNS), a devastating 30 disease impacting hibernating bats, causes increased frequency of arousals during hibernation 31 and EWL has been hypothesized to contribute to this increased arousal frequency. WNS is 32 caused by a fungus, which grows well in humid hibernaculum environments and damages wing 33 tissue important for water conservation. Here, we integrated the effect of EWL on torpor 34 expression in a hibernation energetics model, including the effects of fungal infection, to 35 determine the link between EWL and survival. We collected field data for Myotis lucifugus, a 36 species that experiences high mortality from WNS, to gather parameters for the model. In 37 saturating conditions we predicted healthy bats experience minimal mortality. Infected bats, 38 however, suffer high fungal growth in highly saturated environments, leading to exhaustion of 39 fat stores before spring. Our results suggest that host adaptation to humid environments leads to 40 increased arousal frequency from infection, which drives mortality across hibernaculum 41 conditions. Our modified hibernation model provides a tool to assess the interplay between host 42 physiology, hibernaculum microclimate, and diseases such as WNS on winter survival. 43 44 destructans, torpor, white-nose syndrome 3 45
g) and used quantitative magnetic resonance (Echo-MRI-B, Echo Medical Systems, Houston, 126 TX) to measure fat mass and lean mass [40] . We measured torpid metabolic rate (TMR) and 127 EWL using open-flow respirometry at 2, 5, 8, and 10 °C (Supplementary Materials; [41] ). We 128 calculated the mean body mass, fat mass, and lean mass across all fall field seasons and the mean 129 of mass-specific TMR across both seasons among all individuals across to use as parameters in 130 the hibernation model (Table 1) . Area-specific rate of evaporative water loss for wing rEWL wing 0.33 mg hr -1 ΔWVP -1 cm -2 Calculated in this study Area-specific rate of evaporative water loss for body rEWL body 0.10 mg hr -1 ΔWVP -1 cm -2 Calculated in this study Wildlife, and Parks personnel. We placed two HOBO loggers in the main roost, a large cathedral 139 room at the back of the cave (one logger at the far end, one at the entrance), one within 3 m of 140 the entrance of the cave, and one attached to a tree immediately outside the cave entrance (< 10 141 m). We spaced the iButtons evenly throughout the cave system from the entrance to the cathedral 142 room. We suspended HOBO loggers with copper wire and used pantyhose to attach each iButton 143 to a projected rock to suspend the logger in the air column. We collected loggers from the 144 hibernaculum in the spring of each year. 145 We estimated winter duration for central Montana by acoustically monitoring bat activity 146 at the entrance to the cave (Anabat Roost Logger RL1, Titley Scientific 
where Q 10 is the change in metabolism with a 10°C change in temperature [47] , T torMin is the 178 minimum defended T b in torpor, TMR min is the associated metabolic rate at T torMin , and C t is the 179 thermal conductance during torpor. Minimum defended T b [48-50] and the maximum time in 180 torpor (t torMax ) were estimated from literature [51] , and minimum torpid metabolic rate and 181 thermal conductance were measured in the field using respirometry (Supplementary Materials). 182 To calculate torpor bout duration as a function of EWL (t torEWL ), we assumed bats arouse 183 when the total body water pool was depleted to a threshold [5] . The hourly rate of total EWL 184 (mg H 2 O h -1 ) is comprised of both cutaneous and respiratory rates of EWL and is dependent on 185 the water vapor pressure deficit between the bat and the surrounding environment. The hourly 186 rate of cutaneous evaporative water loss (CEWL; mg H 2 O h -1 ) is a function of the difference 187 between water vapor pressure at the surface of the bat and the environment (ΔWVP):
where WVP bat is the water vapor pressure at the skin surface and WVP air is the water vapor 190 pressure of the surrounding air (both in kPa). We assumed WVP bat was at saturation, which can 191 be calculated as: Including the effects of fungal growth on hibernation 228 We further adjusted the hibernation model by including a link between fungal growth and 229 reduced torpor bout duration through an increase in both metabolic rate and EWL (modifying 230 Equations 1-2, 9). We first altered the estimation of torpor bout duration from T a (t torTMR ; 231 Equations 1 and 2) by scaling t torTMR by the proportion the bat wing surface affected by the 232 fungus. When fungal growth > 0, t torTMR was calculated as:
where area Pd is the area (cm 2 ) of fungal growth calculated as a function of T b and relative 236 humidity given equations from Hayman et al. [25] . 237 We adjusted the calculation of torpor bout duration in response to EWL (t torEWL ; Equation . We then used a linear model to compare modeled torpor bout duration to measured 264 torpor bout duration, assuming that if the prediction was accurate, the slope of the relationship should be equal to 1. To determine if including EWL improved our description of torpor 266 expression, we also predicted torpor bout duration without the contribution of EWL using only 267 Equations 10-11. We then compared these predictions to measured bout duration to determine 268 model accuracy. Finally, we compared the R 2 values of both fitted relationships to determine 269 which model had better precision in predicting torpor bout duration. changes with body condition and fungal growth so we used differential equations to estimate 275 energy consumption over the winter. We assumed that bats require energy to arouse at the end of 276 hibernation and to leave the hibernaculum in order to obtain food. Therefore, we included energy 277 required to warm (E warm ) and spend 24 h in euthermia (24 x E eu ) at the end of winter hibernation. 278 We used the lsoda function of the deSolve package, which allowed torpor bout duration to 279 change over time given fungal growth, bat parameters (Table 1) , and hibernaculum 280 microclimate. We converted total energy consumed over time from ml O 2 g -1 to the amount of fat 281 expended (g) as:
assuming that 1 ml O 2 releases 19.6 J of energy and the energy content of fat is 37.6 J mg -1 [30] . 284 We calculated time until fat exhaustion (t fatEx ) as the time when total fat exhaustion (fat winter ), 285 became greater than mean fat stores measured during our fall field captures. Finally, we 286 compared the estimated t fatEx for both healthy and infected bats over the range of hibernaculum 287 conditions to the duration of winter for central Montana estimated from our acoustic data. We assumed that mortality would occur if t fatEx was less than winter duration; that is, the mean fat 289 stores did not provide enough fat for a bat to survive through winter, as measured above. 290 We validated the entirety of the hibernation energetic model by comparing measured 291 mass loss from 56 free-living hibernating M. lucifugus (Norquay and Willis, unpublished data, 292 but see [56] for description of capture methodology and locations) to predicted fat loss from our 293 model. We used this dataset because data from captive animals may not accurately reflect field 294 conditions of free-living animals. We used individuals in which mass was measured during both 295 swarming (August-September) and emergence (April-May). We estimated fat loss using the 296 bioenergetic model for the time between swarming and emergence capture dates, given the 297 hibernaculum conditions where each bat was captured [57, 58] . We took the mean and standard 298 deviation of T a and water vapor pressure of each capture location and sampled random values 299 from a normal distribution for each individual. We estimated TMR from body mass and T b [55] 300 and allowed for variation in lean mass by sampling from a normal distribution set at the mean 301 and standard deviation from our capture data. We compared estimated fat loss with measured 302 mass loss (assuming all mass change is due to fat loss) using linear regression, assuming if the 303 two values were the same, the slope of the relationship would be no different than 1. We also 304 predicted fat loss for the validation dataset given the hibernation model without the inclusion of 305 EWL; more specifically, we only included Equations 1-2 in our calculations of torpor bout 306 duration. We compared these predictions to measured mass loss and determined both model 307 accuracy (slope = 1) and precision (R 2 ) to compare against our modified model including EWL. 308 Following Hayman et al.
[25], we used a multi-parameter sensitivity analysis to assess 309 the impact of each parameter on estimations of time until mortality. Using Latin hypercube 310 sampling in R package lhs, we created 100 random parameter sets sampled from a uniform distribution of potential values ranging from 10% lower or higher than the default value (Table   312 1). By constraining the minimum and maximum values of the parameters, and including a joint 313 distribution within the Latin hypercube sampling, we considered the potential for correlations 314 between parameters. We determined the relative importance of each variable by comparing Figure S3 ). Torpor bouts ranged from < 1 day to 18.3 days (mean: 6.20 ± 5.40 362 days) for bats infected with P. destructans (Supplementary Figure S3 ). 363 Our modified hibernation model accurately predicted mass loss in healthy wild bats (F Within the hibernaculum conditions available at our field site, we predicted a higher and 387 more variable rate of fat loss (range: 0.006 -0.32 g day -1 ) for infected bats. In the specific 388 hibernaculum conditions selected for roosting within these conditions, infected bats lost 0.01 ± 389 0.001 g day -1 at the beginning of hibernation (< 14 days) while the rate of fat loss increased to 390 0.03 ± 0.01 g day -1 at the end of hibernation (181 days). Almost all microclimate conditions 391 available at our field site resulted in mortality for infected bats as time until fat exhaustion was 392 less than hibernation duration (mean: 131.23 ± 38.40 days; Figure 3b ). The only available 393 microclimate conditions that permitted survival were at the lowest temperatures (2 -3 °C) and 394 highest humidity conditions (96 -100%) but these locations were not selected by any healthy 395 bats within this hibernaculum. Bats selected saturated environments that were within the 396 temperature range that allowed fungal growth, resulting in increased energy expenditure and 397 ultimately decreased time until total fat exhaustion.
Our sensitivity analysis revealed that fat loss was influenced by host-specific parameters, 399 including body mass, the proportions of body mass comprised of fat and lean mass, and 400 parameters that influenced EWL, including wing surface area and the area-specific rates of 401 cutaneous EWL (Figure 4 ). Model parameters that were most influential to survival were With the continued spread of WNS, it is imperative to understand the effects of hibernaculum 413 microclimate (temperature and humidity) on fungal growth, host physiology, and winter survival. 414 A model that includes effects of EWL on arousal frequencies within the study system of WNS, 415 can improve understanding of the role of EWL on the evolution of hibernation and the interplay 416 of host physiology with the environment. We showed that host parameters, particularly body 417 mass, fat mass, and area-specific rate of EWL, were important drivers of torpor bout duration. 418 Our results suggest that factors associated with EWL and arousal frequency are key elements for 419 predicting the effects of WNS on hibernating bats. Figure 2b) . The relationship between water vapor pressure and fungal growth indicates the potential 475 for mitigation of WNS impacts if bats roost in microclimates below saturation -that is, infected 476 individuals may trade-off water conservation with energy minimization. In healthy bats, 477 maximum survival was at saturation (100% RH; Figure 3a 
